The small carpenter bees, genus Ceratina, are highly diverse, globally distributed, and comprise the sole genus in the tribe Ceratinini. Despite the diversity of the subgenus Neoceratina in the Oriental and IndoMalayan region, Ceratina (Neoceratina) australensis is the only ceratinine species in Australia. We examine the biogeography and demography of C. australensis using haplotype variation at 677 bp of the barcoding region of COI for specimens sampled from four populations within Australia, across Queensland, New South Wales, Victoria and South Australia. There is geographic population structure in haplotypes, suggesting an origin in the northeastern populations, spreading to southern Australia. Bayesian Skyline Plot analyses indicate that population size began to increase approximately 18,000 years ago, roughly corresponding to the end of the last glacial maximum. Population expansion then began to plateau approximately 6,000 years ago, which may correspond to a slowing or plateauing in global temperatures for the current interglacial period. The distribution of C. australensis covers a surprisingly wide range of habitats, ranging from wet subtropical forests though semi-arid scrub to southern temperate coastal dunes. The ability of small carpenter bees to occupy diverse habitats in ever changing climates makes them a key species for understanding native bee diversity and response to climate change.
Introduction
Molecular studies have greatly increased our understanding of the antiquity of bees and their historical biogeography, especially with respect to centres of origin and subsequent dispersal routes (e.g. Fuller et al. 2005; Hines 2008; Chenoweth and Schwarz 2011; Rehan and Schwarz 2015) . Other studies using museum collection data have implicated very recent climate change as a possible factor underlying changes in bee abundances (e.g. Cameron et al. 2011; Burkle et al. 2013 ), but there are surprisingly few studies that have attempted to infer changes in bee abundance beyond the last 200 years (but see Wilson et al. 2014 ). In the face of likely future climate change, it is important to understand how bees have responded to past climates so that we may better predict future trends.
Two recent studies (Groom et al. 2014a; López-Uribe et al. 2014 ) have used phylogeographic and coalescent Bayesian Skyline Plot analyses to examine changes in bee abundances for tropical halictine (Halictidae) and euglossine (Apidae) bees respectively. Both studies found a strong response to Pleistocene climates, suggesting that these two faunal groups have been impacted by glacial cycles despite their tropical distribution. Small carpenter bees, Ceratina (Apidae: Ceratinini), of the subgenus Zadontomerus in eastern North America also showed a rapid population expansion approximately 20 kya, linked to post-glacial cycles (Shell and Rehan 2016) . However, no studies have examined possible impacts of historical climates on bee species spanning temperate to xeric zones, beyond those using museum records.
The small carpenter bee genus Ceratina has a nearly global distribution, occurring on all continents except Antarctica (Rehan and Schwarz 2015) . This includes recently colonized remote islands in the Southwestern Pacific and southern Indian Ocean, probably via accidental human agency (Rehan et al. 2010a; Groom et al. 2014b) . Ceratina originated in Africa in the late Paleocene or early Eocene and showed rapid long distance dispersal events allowing it to eventually colonize the New World by the late Eocene (Rehan and Schwarz 2015) . Interestingly, patterns of radiation in this tribe suggest that major long distance dispersal events have been rare and tended to occur more frequently in the early history of this tribe rather than later on, despite there being few geographical barriers to later dispersal events (Rehan and Schwarz 2015) . Physical impediments to dispersal, such as water barriers, are actually believed to have decreased in the more recent history of this tribe (Rehan and Schwarz 2015) .
Ceratina (Neoceratina) is the sister clade to all other Ceratina subgenera and originated from a dispersal from Africa to the Oriental region in the early Eocene, with some species extending into the Palearctic (Rehan and Schwarz 2015) . Surprisingly, there is only a single ceratinine species in Australia, Ceratina (Neoceratina) australensis (Perkins, 1912) . This species forms the sister lineage to all other C. (Neoceratina) species, and its stem age is dated to the middle Eocene. Ceratina australensis has become a model species for understanding simple forms of sociality where both solitary and social forms remain in sympatry (e.g. Rehan et al. 2010b Rehan et al. , 2011 Rehan et al. , 2014 . Solitary nests comprise about eighty-five percent of the population and are founded by females that disperse from their natal nests (Rehan et al. 2014) . Dispersal of females could facilitate gene flow between populations across Australia. Michener (1962) recorded Ceratina australensis from subtropical and temperate regions of eastern Queensland and New South Wales but there have been no further studies of its distribution. Here we use haplotype variation at 677 bp of the mitochondrial 'barcoding' region of cytochrome c oxidase subunit 1 (CO1) from 102 specimens of C. australensis, obtained from southern Queensland, mid-New South Wales, northern Victoria and southern South Australia, to examine historical demography and geographical patterns in population genetic structure. Based on the dispersal of females from natal nests we predicted that there would be gene flow between populations, influencing the genetic structure and historical demography of the species.
Methods

Collecting localities for genetic samples
Specimens of Ceratina australensis were collected from four populations: (i) Mildura in northwestern Victoria; (ii) West Beach in metropolitan Adelaide, South Australia; (iii) the Cowra region in central New South Wales; and (iv) the Warwick region in southeastern Queensland (Figure 1 ). Our four study sites represent a substantial proportion of the geographic and climatic conditions for the species, covering warm temperate forest, semi-arid riverine woodland, mediterranean coastal dunes and central tablelands. GPS coordinates, collection dates and the number of barcoded specimens from each population are shown in Table 1 . Nests, predominantly found in dead stems of plants from the genera Cakile (Brassicaceae), Senecio (Asteraceae), Ferula (Apiaceae) and the species Verbena bonariensis L. (Verbenaceae) were collected during early mornings or late evenings. This ensured that the bees would be present in the nest and not out foraging. Nests were collected, as this species is rarely observed on flowers (Michener 1962) . Nests were stored on ice or at 4 °C until processing. One randomly chosen adult from each nest was stored in 100% ethanol for DNA sequencing.
DNA extraction and sequencing techniques
One leg of each specimen was incubated overnight in arthropod lysis solution with proteinase K. Extractions proceeded using a glass fibre plate and a vacuum manifold to pull the eluates through the membrane, following the procedures detailed in Ivanova et al. (2006) . The DNA extract was stored in 50μl TLE (10mM TRIS, 0.1mM EDTA pH8). Forward and reverse primers M070 (5'-TCC AAT GCA CTA ATC TGC CAT ATT A-3') and M080 (5'-TAC AGT TGG AAT AGA CGT TGA TAC-3') were used for PCR amplification of a 700 bp region of CO1. We used 27.5 μl reactions with 0.1 μl immolase as the active enzyme, 1 μl of each M070 and M080, 5 μl of MRT Buffer, 15.4 μl water 
Alignment and phylogenetic reconstruction
Sequences were imported into GENEIOUS v.6.1.6 (Kearse et al. 2012 ) for editing and alignment. Reverse and forward sequences were combined into a consensus sequence for each sample. As we were comparing individual base pair changes, no ambiguous or unknown base pairs (including at the end of sequences) could be left in the final alignment. We aimed to maximize both the sequence length and the number of samples. The sequence length was shortened, so that all samples had base pair data covering the same read length without any missing or ambiguous nucleotides, since missing data can lead to spurious results for coalescent analyses (Ho and Shapiro 2011) . The final alignment consisted of 102 sequences of 677 bp in length, with 28 unique haplotypes. All edited sequences are submitted to GenBank (accession numbers KR824844-KR824934 and KU664337-KU664347). An undescribed Neoceratina species from the Solomon Islands, Ceratina (Neoceratina) "Solomons sp." was included in the alignment as the outgroup to determine the root of the tree. This species has been shown to be phylogenetically distinct to Ceratina australensis (Rehan and Schwarz 2015) . The sequences available for this species did not cover the full length of the 677 bp alignment, so the C. australensis sequences were shortened to 639 bp for this analysis. This sequence attenuation did not remove any of the unique haplotype information present within the C. australensis sequences. The phylogenetic tree was reconstructed in BEAST v.1.8.1 (Drummond and Rambaut 2007) with a Yule Process tree prior. The substitution model HKY+I+G model was identified as the most appropriate based on Akaike information criterion in JMOD-ELTEST (Guindon and Gascuel 2003; Darriba et al. 2012 ). The analysis ran for 5 x 10 7 generations, logged every 1,000 trees, using a fixed mutation rate of 1.0, with all other parameters set to default. The log files were viewed in TRACER v.1.5 to confirm that the posterior had stabilized. A consensus tree was constructed with TREE AN-NOTATER v.1.8.1 with a burn-in of 10,000 trees (i.e. 10 million iterations; Suppl. material 1).
The full alignment was then pruned to contain only unique haplotypes (28 sequences). The analysis was run following the conditions described above. TRACER again confirmed the posterior of the analysis had stabilised and a consensus tree with a burn-in of 10,000 trees was generated (Figure 2 ).
Haplotype networks
Analysis of Molecular Variance (AMOVA) was implemented in ARLEQUIN 3.11 (Excoffier et al. 2005) to compare genetic variation within and among Victoria, New South Wales, South Australia and Queensland populations. For these analyses we used all sequences and included all codon positions. All four populations were compared in the full model followed by pair-wise comparisons of each possible pairing in subsequent AMOVA analyses. The full alignment was imported into NETWORK (Fluxus Engineering 2016) and a haplotype network was constructed using a median-joining analysis with epsilon set as zero (Bandelt et al. 1999 ; Figure 3 ). HAPLOVIEWER confirmed the final network and was used to generate a publication quality figure (Salzburger et al. 2011) .
Historical demography
We used Bayesian Skyline Plot (BSP) analyses implemented in BEAST and TRACER to explore historical changes in effective population size of Ceratina australensis. For these analyses we included all sequences available including duplicate haplotypes, as analyses of only unique haplotypes can give erroneous results (Grant 2015) . BSP analyses assume that genetic markers evolve neutrally (Ho and Shapiro 2011) . The very small number of amino acid changes in our alignment suggests that purifying selection may be operating on 1 st and 2 nd codon positions, so we restricted BSP analyses to 3 rd codon positions only. In these analyses we used a GTR model for nucleotide substitutions, but did not include an invariant sites parameter (I) since 3 rd codon positions should not be constrained by selection. Analyses were run for 100 million iterations, sampling every 10,000 th iteration to reduce autocorrelation, and were repeated three times to check for convergence. We implemented a strict molecular clock with rate of 1.0, which allows us to readily convert mutations per site per generation into chronological years. We converted the Bayesian Skyline plot scale to chronological years through dividing it by mutation rate and the number of generations per year. We used the mitochondrial mutation rate observed in Drosophila melanogaster Meigen, viz. 6.2 x 10 -8 mutations per site per generation as an estimate of the mutation rate for Ceratina australensis (Haag-Liautard et al. 2008) . This method follows a previous study on demographic history in Fijian halictine bees in the genus Lasioglossum (Groom et al. 2014a) and North American Ceratina species (Shell and Rehan 2016) . We note that the mitochondrial mutation rate for Caenorhabditis elegans (Maupas) is estimated as 9.7 × 10 -8 mutations per site per generation, close to the rate for D. melanogaster, and that they have mitochondrial AT biases of 76% and 82% respectively. Previous studies have reported an AT bias of 74% for the same barcoding region as in our study (Groom et al. 2014a; Shell and Rehan 2016) , and our Ceratina haplotypes had an AT bias of 78%. The number of generations was determined as two per year based on nest contents data from the Victorian and South Australian sites (Dew and Rehan, unpublished data), which also corresponds to detailed studies on the Queensland population (Rehan et al. 2010b (Rehan et al. , 2011 (Rehan et al. , 2014 .
In order to determine whether inferred changes in historical population size in the BSP analysis were significant we also carried out another coalescent analysis using the same parameter settings as our BSP analysis, but implementing a constant population size model. This was then compared to our BSP analysis using a Bayes Factor test. 
Inferring ancestral distributions
Ancestral distributions were inferred using BEAST ancestral traits reconstruction. The full alignment of 102 sequences was used. Sample location for each sequence was coded as a discrete trait (either New South Wales, Queensland, South Australia or Victoria). The analysis ran for 2x10 8 generations, logged every 1,000, with a Yule process tree prior. A HKY+I+G site model with a strict clock of rate 1.0 was employed. All parameters for phylogeny and ancestral trait reconstruction had reached stability, as viewed in TRACER with a burnin of 1x10 8 generations. Using this burnin a consensus tree was constructed in TREE ANNOTATER.
Results
Haplotype lineages
In total 28 haplotypes of Ceratina australensis were found across the four field sites. The haplotype tree along with posterior probability values for node support from our BEAST analysis is given in Figure 2 . This analysis indicates the presence of a clade comprising one New South Wales and two Queensland haplotypes, which is highly supported (PP = 1.0) as sister clade to the remaining haplotypes. Our haplotype network analysis (Figure 3 ) indicates that this clade, which we will refer to as NTH1 (due to their relative northern location), is separated from the common ancestor for the remaining haplotypes by seven nucleotide substitutions, none of which involve amino acid changes.
Both the haplotype tree in Figure 2 and the haplotype network in Figure 3 indicate geographical structuring of haplotypes. Firstly, the haplotypes in NTH1 were not recovered in any of the 99 specimens genotyped from the more southwestern sampling locations of Victoria and South Australia. Secondly, there was another clade comprising five haplotypes that were only recovered from the more northeastern localities of Queensland and New South Wales, and we refer to this clade as NTH2. Lastly, the haplotype, which we refer to as STH1 (due to its southern location), mostly comprised specimens from South Australia, but also some from Victoria, and it was not represented in any of the Queensland or New South Wales specimens. Two haplotypes are shared between Queensland and New South Wales, with one shared between Queensland and Victoria.
Population structure
Pair-wise comparisons among all individuals revealed significantly greater sequence divergence between populations than within populations for Victoria to New South Wales and Queensland, and for South Australia to all other populations (Table 2 ). Queensland and New South Wales were not significantly different from one another. These results are mirrored by pairwise F ST calculations ( Table 2 ), suggesting that all populations except New South Wales and Queensland are genetically differentiated. There was only one fixed base pair difference identified between any of the populations. This was at base 486, which was a thymine in all Queensland and New South Wales samples but an adenine in all South Australia samples (Victorian samples varied at this base). Tajima's D value indicated neutral evolution between populations (Table 3) .
Historical demography
Our Bayesian skyline plot (BSP) analysis is summarized in Figure 4 where it is temporally aligned with a graph summarizing two temperature proxies taken from Pahnke et al. (2003) . In Figure 4 we have used two x-axis scales, one using mutations per site per generation and the other using years before present, based on a mutation rate of 6.2 × 10 -8 mutations per site and two generations per year. Based on the current best estimate for mutation rate these plots suggest an increase in effective population size beginning approximately 20-18 ka, with a peak rate of increase at about 15-8 kya, and a plateauing after about 6 kya. Our BSP plot shows a long period of stasis from approximately 64-20 kya. This is an artifact of the analysis, where signals prior to the last major effective population size change are lost (Grant et al. 2012; Grant 2015) . This period of stasis was trimmed in the final figure to show just the plot from 32 kya. 
Ancestral distribution
The reconstructed ancestral distribution of haplotypes is shown in Figure 5 with only the probability of the location reconstruction displayed for those branches with a probability below 0.99. The analysis supports a migration from further northeast moving southwest into South Australia. It suggests that there have been multiple dispersals between Victoria and Queensland but one strongly supported dispersal event between the New South Wales and Victorian populations. There is very low support for the ancestral distribution on all branches preceding the Queensland and New South Wales' clades, so we cannot infer directionality of dispersal between these clades and Victoria.
Discussion
Geographic structure
Our haplotype phylogeny, haplotype network and AMOVA analyses suggest geographic structure in haplotypes between the four sample sites. The NTH1 clade consisting of specimens from New South Wales and Queensland forms a sister clade to all other lineages (Figure 2 ), separated by a minimum of nine base pair mutations (Figure 3) . Clade STH1 is restricted to the more southwestern populations of South Australia and Mildura. It is interesting that the South Australian population comprises only a single haplotype. It seems unlikely that a population bottleneck would remove all but one matriline in the population, however without further gene regions we cannot rule out this possibility. Another explanation is that the population has not been in place long enough for new haplotypes to arise and/or that there has been insufficient maternal gene flow from northern populations to promote haplotype diversity above that from a small founder population. The haplotype data are indicative of a southwestwards population expansion.
Interestingly, the second-most common haplotype in our sequences was found in both the Queensland and Victorian samples, and it has given rise to further haplotypes in both regions and NSW. Our BSP phylogeny (Figure 4 ) suggests that these haplotypes arose recently, and this might indicate that vagility in Ceratina australensis has not been sufficient to completely erode geographical assortment of matrilines.
Historical demography
Our BEAST traits analysis also supports a more northeastern origin with a subsequent introduction into South Australia ( Figure 5 ). The analysis is not able to discern between New South Wales, Queensland and Victoria as the likely origin of Ceratina australensis into Australia, but given that the subgenus C. (Neoceratina) is a primarily Oriental and Indo-Malayan clade (Rehan and Schwarz 2015) , an origin in Queensland seems most likely. Pairwise comparisons indicate that the New South Wales and Queensland populations are not genetically distinct (Table 2) . Interestingly the New South Wales population is about equidistant from both the Queensland and Victorian sites, however the Victorian population shows significant genetic distinction from New South Wales. The difference in gene flow between these populations may be due to fragmentation of suitable habitat for C. australensis in the semi-arid to arid zone separating the New South Wales and Victorian populations (Figure 1) . The traits analysis indicates that multiple dispersals of matrilines between the Queensland-New South Wales populations and Victoria have occurred but the direction of movement between populations could not be resolved ( Figure 5) .
Regardless of when and where Ceratina australensis entered Australia, our BSP analyses provide strong support for an increase in effective population size beginning about 2.5 × 10 -3 mutations/site ago then plateauing about 0.8 × 10 -3 mutations/site ago. Assuming a mutation rate of 6.2 × 10 -8 and two generations per year (Shell and Rehan 2016) , these values correspond approximately to 20 kya and 6.5 kya respectively.
Our timescale indicates an increase in effective population size approximately 20 kya. This increase could be linked to reduced competition, expansion into a new niche or increased resource availability. To investigate these possibilities we need detailed historical reconstructions, which are not presently available for Australia. Climate reconstructions from 20 kya are available for the southern hemisphere (Pahnke et al. 2003) . Climate change may act directly on species, or indirectly, for example by increasing flowering plants and therefore resource availability. In Figure 4 we have contrasted the BSP curve with two climate proxies (δ 18 O isotopes and estimated sea surface temperatures, SST) for the southern hemisphere reported by Pahnke et al. (2003) . These graphs suggest that the major period of increasing N e for Ceratina australensis coincides with a major period of post-glacial warming, and that the more recent leveling off in N e could correspond to a plateauing or slight decline in temperature since 6 kya.
Unfortunately, there are very few detailed studies of paleoclimates in Australia beyond a very small number of sites, limiting further analyses. In one of the most thorough studies, Ayliffe et al. (1998) reconstructed climate in the Naracoorte region, in the South East of Australia, over the past 500,000 years. This geographical location, however, is well removed from our study sites. Reconstructions of Australia-wide paleoclimates are summarized by Byrne et al. (2008) , and while this provides evidence for very broad changes in Australian climates, those studies do not permit reconstruction of paleoclimates in a way that permit refugial areas for Ceratina australensis during the last glacial maximum (LGM) to be identified with confidence. However, it seems likely that during the LGM, climatic regimes that now occur in southern Queensland would have had a more northerly distribution.
The inferred increase in N e for Ceratina australensis coincides closely with the timing of dramatic increases in population size for three independent halictine bee clades in Vanuatu, Fiji and Samoa, each of which corresponded to interglacial warming (Groom et al. 2013 (Groom et al. , 2014a . It is difficult to imagine a factor other than global climate that would be able to influence isolated bee populations in a similar way across the southwestern Pacific (SWP) and Australia, especially when it is considered that C. australensis is in a different family to the SWP halictine bees and has very different nesting and floral-adaptation biologies to halictine bees (stem nesting versus ground nesting, and long-tongued versus short-tongued, respectively). On the other hand, we did not find evidence for a dramatic decline in N e of C. australensis at the LGM, and this contrasts strongly with studies on SWP halictine bees (Groom et al. 2014a) . It is possible that this contrast is due to C. australensis occurring on a continent, where it may have been able to persist in a wide range of refugial habitats, which would have not been as abundant for bee species restricted to small islands.
The expansion of population sizes in Ceratina australensis in the current interglacial is consistent with expectations for a Mediterranean or subtropical adapted species responding to warming climates in the southern hemisphere, where southern latitudes retreated from glacial conditions experienced at the LGM. This is also concordant with our historical biogeography analyses, which suggests a northeastern origin, followed by accumulation of haplotype diversity in the semi-arid population in northern Victoria and a recent dispersal to South Australia, indicated by the lack of haplotype diversity and BEAST ancestral traits reconstruction.
Conclusion
Our results suggest that Ceratina australensis has responded in major ways to climatic changes since the LGM, but there are two important questions that need resolution. Firstly, because bees are pollinators, historical changes in their diversity and abundance are likely to have impacted angiosperm reproduction in the past, and this may help understand current angiosperm communities. Secondly, if past climates have had large impacts on bee populations in the past, it is important to understand these so that we can anticipate the effects of future climate change. We can only interrogate museum records for impacts of climate change to very limited extents: for Australian insects this will be mostly limited to the last 200 years. In contrast, genetic methods can be used to examine changes well before the recent past and for species that were not covered by early collectors. Our results suggest that genetic approaches to historical demographics of native bees may hold important insights for understanding how climate change has impacted pollinating biota and plant-pollinator relationships.
